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A structure has been proposed and fabricated in which semi- 
permanent charge storage is possible. A floating gate is placed a small 
distance from an electron source. When an appropriately high field 
is applied through an outer gate, the floating gate charges up. The 
charges are stored even after the removal of the charging field due 
to much lower back transport probability. Stored-eharge density of 
the order of KF/cm* has been achieved and detected by a structure 
similar to an metal-insulator-semiconductor (MIS) field effect transis- 
tor Such a device functions as a bistable memory with nondestructive 
read-out features. The memory holding time observed was longer than 
one hour. These preliminary results are in fair agreement with a simple 

analysis. 

It has been recognized for some time that a field-effect device, such 
as that described by Shockley and Pearson, 1 can be made bistable 
utilising switchable permanent displacement charges on ferroelectric 
materia]. 1 Subsequent studies of ferroelectric material have revealed, 1 
however, that the inherent speed capability of a device incorporating 
a ferroelectric material is limited by domain motion, whose highest 
speed is limited by the acoustic velocity. In the absence of highly 
ordered, near-ideal thin film ferroelectric material, the speed capability 
of a bistable device, therefore, is in the microsecond range at best/ In 
addition, many ferroelectric materials suffer from irreversible mechani- 
cal disorder after many cycles of polarization switching,* rendering 
some uncertainty on the long term device reliability aspect 

An alternative to a ferroelectric gate is a floating gate chargeable by 
field emission, which hopefully circumvents the above mentioned diffi- 
culties. Consider a sandwich structure, metal 3/(1), insulator /(l), 
metal M{2), insulator 7(2), and finally metal Jf(3). (See Fig. 1). If 
the thickness of 1(1) is small enough so that a field -control led electron 
transport mechanism such as tunneling or internal tunnel-hopping 
are possible, a positive bias on .1/(3) with respect to M{1) with 3/(2) 
floating \M(2) is called the floating gate henceforth], would cause 
electron accumulation in the floating gate, provided electron transport 
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Fig, 1 — Energy band diagram of a floating gate structure wilh a semiconductor- 
insulator*mctaMnyuliitor-mctal sandwich. For calculation of the stored charge, the 
semiconductor w replaced by a metal M{[). (a) When a positive voltage step is 
applied to the outer gate, (b) When the voltanc is removed. The stored charge 
Q causes an inversion of the semiconductor surface* 



across 7(2) is small. These conditions can be met by choosing 1(1) 
and 7(2) such that the ratio of dielectric permittivity C1A2 is email 
and/or the barrier height into 7(1) is smaller than that into 7(2). The 
sandwich structure is somewhat similar to the tunnel emitter metal- 
base transistor proposed by Mcud* in its structure but with the follow- 
ing essential differences. 

(i) il/(2) is much thicker than the hot electron range, so that 
emitted electrons are close to the Fermi-level of M (2) before 
reaching 7(2). 
(u) No carrier transport is allowed across 7(2). 
(Hi) M(2) is floating. 
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The stored charge Q, u a function of time when a step voltage (unc- 
tion with amplitude V is applied across the sandwich, is given by 

Q(0 - f id? coul/cm*. (0 

When the emission is of Fowler -Nordheim tunneling type, then the 
current density, j, has the form 

where Ci and E are constants in terms of effective mass and the barrier 
height. (We have neglected the effects due to the image force lowering* 
of the barrier, etc., but the essential feature is expected to be retained 
even after detailed corrections are made)* This ty|>e of current trans- 
port occurs in SiO* and ALUOj. 

When the field emission is of the internal Schottky or Frankel-Poolc 

type, as occurs in Si a N*/ then ; follows the form 



j = C,£exp{-4(*i - VfAVw,) bT). (2b> 

where c 3 is a constant in terms of trapping density in the insulator, *i 
the barrier height in volte, u the dynamic permittivity. 

The electric field in /(l) at all times is a function of the applied 
voltage V and Q(t) t and is obtainable from the displacement continuity 
requirement as 

F _ V 9. ( 3 ) 

where d, and d, are the thickness of 1(1) and 1(2), respectively. 

Fig. 2(a) shows the results of a theoretical computation using (1), 
(2a) , and (3) with the following parameters: d l = 50 A, ci = 3.8 to (for 
SiO») , d 3 = 1000 A, v. ■ 30 «, (for ZrO,,l , and V = 50 volts. One notes 
that the stored charge initially increases linearly with time and then 
saturates. The current is almost constant for a short time and then 
decreases rapidly. The field in 7(1 1 decreases slightly as the time 
increases. The above results can be explained as follows: When a 
voltage pulse is applied at t = 0, the initial charge Q is zero, and the 
initial electric field across /|1> has its maximum value, E mM = 
V/[tf, + (t,/< s )d 3 ]. As t increases, Q will first increase linearly with 
time. This is because of the fact that for small Q such that E remains 
essentially the same, the current will in turn remain the same, so 
Q = }(E m „) ■ t. Eventually, when Q is large enough to reduce the 
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KiK. 2(a) — Theoretieal results of I Ik- ^lored-chargc Henri ty iQ)> the current 
density Oh nml (lie eltrtrfc field ariu^ /U) a* a function of time. V = SO volt*, 
A = M A> */*> = 3S (for SiOx). A = 1000 A, *<A. = 30 (for ZKW. (h) The- 
oretical results of the stored rlmrtrr ilenrity i< a function of time with 
the same *i ami *■ as in (a), and A ~= 10 A. A = 100 A (solid linen), 
c/, _^ 30 A. ■'. — 300 A (flotiecl line*) ic) Theoretical rr^iK "I ?hr >tnpM <jr n >iT> 
as a funelion of time with A = 20 A, *./** = 60 (for SUNi), A = 200 A T 
ci/a> = 30 (for ZrOi) ami various applied voltages 



value of K substantially, then the current will decrease rapidly with 

time and Q increases slowly* 

Fig. 2(l>i shows the stored charge a* a function of time for the time 
ci and *.j hut different «Y d*, and \\ It is clear that for a given structure, 
in order to store a Riven amount of charge, one can either increase 
the applied voltage or increase the charging time (pulse width) or both. 
Fig 2fcl shows the calculated stored charge for the current transport 
described by i2h>. Here /U) is a 20 A thick Si,N 4 film. There are 
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marked decreases in the gate voltages required for a given charge 
compared to AljOi, Si0 3 . This is largely due to the much lower barrier 
height (1.3 volts)' compared to Si0 2 (= 4.0 volts).' 

It is noted that the field in 7(1) for appreciable charge storage is in 
the 10 T V/cm range. When the outer gate voltage is removed, the field 
in 7(1) due to the stored charge on the inner gate is only 10" V/cm 
or so corresponding to 5x10" charges/cm 1 , a large enough charge to 
detect easily. Since the transport across 7(1) is highly sensitive to the 
field, (2a) and (2b), no charges flow back. The charge loss is actually 
controlled by the dielectric relaxation time of the sandwich structure,' 
whieh is very long. When it is desired to discharge the floating gate 
quickly, it is necessary to apply to the outer gate a voltage about equal 
in magnitude but opposite in polarity to the voltage which was used 
for charging. It is evident that net positive charges (loss of electrons) 
can also be stored in the floating gate if the discharging gate voltages 
are appropriately chosen in magnitude and duration. 

It was mentioned that the stored-chargc density of 5xlO'Vcra* 
was sufficient for easy detection. One of the detection or read-out 
schemes is to use the surface field effect transistor (MOSFET or 
IOFET) first fabricated and described by Kahng and Alalia' in 1960. 
For inversion at a silicon surface, the charge required is only about 
2xl0 1 '/cm a for 1 ohm-cm n-typo silicon. However, surface-state 
charges at the silicon -si I icon dioxide interface may be as high as 
lO'Vcm*, depending on the fabrication techniques used. For this reason 
wc have chosen OxlO'Vcm* as the stored charge required for easy 
detection. When the Insulated Gate Field Effect Transistor (IGFET) 
principle is used for read-out, 37(1) is now replaced by silicon. This 
requires a slight correction in the calculation of charge flow through 
the insulator, but the major features of the results are not expected to 
be altered significantly. It is to be noted that about one half of the 
stored charge can be active in creation of the inversion layer since 
the other half resides near the A7<2>-7(2) interface due to Colombic 

repulsion. 

To check the feasibility, a floating gate device has been fabricated 
using an IGFET as shown in Fig. 3(a). The substrate is an n-type 
silicon, 1 ohm-cm, and (111) oriented. 7(1) is a 50 A SiO a thermally 
grown in a dry oxygen furnace. .17(2) and 7(2) are Zr (1000 A) and 
ZrOj (1000 A), respectively. Af(3) and the ohmic contact metals are 
aluminum deposited in a vacuum system. Fig. 3(b) is another version 
of the floating gate device using a thin film transistor (TFT) struc- 
ture. 11 
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Fig. 3 — (a) Schemntic diagram of a floating gate device using an IGFKT. The 
number* indicated correspond to Ihcwo shown in Fig. 1. (b) Schematic diagram 
of a floating gate device using thin film transistor structure. 

The IGFET-type floating gate devices have been tested in a pulsing 
circuit Because of the relatively thick insulator layers, large voltages 
(^ 50 V) and long pulse width (s 0.5 fis) have to be applied in order 
to store s5x 10 u charges/cm 2 . Fig. 4 shows the experimental results. 
A positive pulse of 50 volts is first applied to the gate electrode, and 
60 ms later a negative pulse of 50 volts is applied. Then the pulsing 
cycle repeats. In Fig, 4(a) the pulse widths are 0,5 /*s. One notes that 
when the positive pulse is applied, a sufficient amount of charge is 
stored in the floating gate so that tlic silicon surface is inverted; a 
conducting channel is thus formed, and the channel current is "on/' It 
can be seen that the channel current decreases only slightly at the end 
of 60 ras. When the negative pulse is applied, the stored charge is 
eliminated, and also the channel. The channel current reduces to its 
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"Off" state. Fig. 4(b) shows results for pulses with the same widths 
but smaller amplitude (40 V). Since the stored charge is a strong 
function of the pulse amplitude, only a very small amount of charge is 
stored, too small to cause inversion. For non-leaky units, the memory 
holding time of longer than one hour has been observed. 

It is clear that a modified IGFET such as a TFT can be used for 
read-out, as shown in Fig. 3(b). For An academic study of device opera- 
tion, the floating gate can lie partially exposed and a potential probe 
can be placed nearby. 

In conclusion, it has been demonstrated that the controlled field 
emission to the buried "floating" gale may be capacitively induced by 
pulsing the outer gate electrode. This combination can therefore, be 
used as a memory device, with holding time as long as the dielectric 
relaxation time of the gate structure and with continuous nondestruc- 
tive read-out capability. There seems to be no inherent reason why 
read-in read-out cannot be performed in a very short time, say in the 
nanosecond range or even shorter. 

We wish to acknowledge helpful discussions and technical assistance 
rendered by M. P. Lepselter and P. A. Byrnes in connection with ZrO a , 
and Skillful technical assistance given to us by G. P. Carey and 
A. Loya, and J. F. Orandner and his group, 
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